It has been observed that converting scFv formatted antibodies to full-length IgG often associates with loss of affinity. We aim to address this issue in this paper by establishing an integrated affinity maturation method applying yeast display technology platform. To demonstrate that, we employed a human thrombopoietin receptor targeting antibody named 3D9 which was identified previously from a combinational antibody library in scFv-Fc fusion protein form. We have observed that significant potency loss happened when 3D9 was transformed to full-length IgG form. In this study, we tested whether the potency of the full-length IgG can be improved by affinity maturation of 3D9 using a modified Fab yeast display platform. An efficient CDR3 targeted mutagenesis strategy was designed for Fab library with pre-designed CDR diversity. Next generation sequencing was also used for evaluation of the enrichment process and investigation of sequence-function relationship of the antibody. A variant with improved affinity and higher potency was identified. The study demonstrates that the strategy we used here are efficient for optimizing affinity and activity of full-length IgGs.
Introduction
Improving affinity of antibodies is crucial for developing both therapeutic molecules and reagents for research. Nowadays, affinity maturation has become a standard procedure in developing high quality antibodies considering that antibodies isolated from naïve libraries typically have poor binding kinetic profiles (Yau et al., 2005) .
The full-length IgG is considered the most suitable format for clinical applications but significant changes in affinity or potency can be observed after the reformatting from other forms (Steinwand et al., 2014) . In this case, the human thrombopoietin targeting antibody 3D9 was isolated from a combinational antibody library in scFv-Fc fusion form (Zhang et al., 2013) . The conversion of 3D9 scFv into IgG led to a modest decrease in affinity ( Fig. S1 ) and drastic decrease in potency which was not due to different oligomerization state of scFv and IgG (Fig. S2) . In this study, we tested whether improvements of affinity of the full-length IgG correlate with the improvement of potency.
A variety of surface display technologies immensely accelerated the process of selection and optimization of specific antibodies against certain antigens (Lerner et al., 1992; Boder and Wittrup, 1997; Lerner, 2006) . The display of antibody molecules on the surface of Saccharomyces cerevisiae is a powerful tool given that antibodies can fold properly on cell surface and the antibodies with different affinity profiles can be discriminated by FACS analysis and sorting (Boder and Wittrup, 2000; Feldhaus et al., 2003; Angelini et al., 2015) . Previous studies of Fab maturation by yeast display system relied on a bicistronic vector with two separate but identical GAL1 promoters with Aga2p fused to the heavy chain to express heterodimeric Fab antibodies or yeast mating for the Fab library on the diploid yeast cells assembled from libraries of heavy and light chains on separate haploids (van den Beucken et al., 2003; WeaverFeldhaus et al., 2004) . Here, we designed a new yeast display vector with bi-directional promoter to display antibody Fab fragments on yeast surface.
The quality of the mutagenic antibody library is particularly important for the isolation of high affinity antibodies. Traditional methods include error-prone PCR, site directed mutagenesis, CDR walking, look-through mutagenesis or saturation mutagenesis using degenerate oligonucleotides (Yang et al., 1995; Lewis and Lloyd, 2012; Chen and Sidhu, 2014) . Yeast display libraries usually have complexities on the order of 10 8 clones, which only represents a tiny fraction of all possible sequences of a large library that is generated by those strategies. Hence, we applied high throughput DNA synthesis techniques to build a high performance mutagenic library at a manageable library size. By combining our Fab display vector with a designed diversification strategy, the Fab form of antibody 3D9 was affinity matured (Fig. 1) . Our results showed that the process yielded Fabs with higher affinity and in vitro potency was improved when isolated variants were transformed to full-length IgG.
Results

Construction and validation of two yeast Fab expression vectors
Yeast display vectors contain a bi-directional GAL1-10 promoter for the concurrent expression of both H and L chain ( Fig. 2A) . The heavy chain is fused to Aga2p yeast cell surface protein whereas the Fig. 1 The diagram of the process of the antibody 3D9. The designed oligonucleotides pool is synthesized using HT DNA synthesis to construct the Fab mutagenic yeast display library. Yeast cells are induced for Fab expression and incubated with the antigen. Clones with improved properties such as higher antigen binding are isolated by FACS sorting. Enriched clones are propagated and rounds of selection are repeated iteratively. Individual clones are picked for further analysis.
light chain is produced as a soluble fragment. Fab is stabilized by the disulfide bond between C-term of CH1 and C-term of CK. In order to investigate the most efficient form for surface display of Fab fragments, the antibody heavy chain was attached to either the C-terminus or N-terminus of Aga2p. The C-terminal c-Myc epitope was used to monitor the surface display level of antibodies and Aga2 leading sequences were added to drive the process of antibody expression through yeast secretory pathway and ultimately lead to the expression of antibodies on the surface of the yeast cells.
The display vectors were validated using Her2 targeting antibody 4D5 and TpoR targeting antibody 3D9. The expression of the functional antibody was measured by binding with cognate biotinylated antigens followed by flow cytometry analysis. The results showed that both vectors could successfully display antibody molecules on the surface of yeast cells. Antigen binding was specific with no crossreactivity when incubating with the control antigen. The data also showed that antibodies with carboxyl terminus tethered to Aga2p exhibited better antigen binding than the other form (Fig. 2B) .
Generation of 3D9 CDR3 mutagenic libraries and the affinity maturation
A pool of oligonucleotides targeting CDR3 regions of both heavy and light chains were synthesized to construct the mutagenic library under the prerequisite that sequence diversity is usually highly condensed in one CDR3 (Xu and Davis, 2000) . Each single oligonucleotide in the pool encodes a CDR3 variant carrying no more than three mutated positions. In the case of antibody 3D9, the CDR region for each chain contains ten residues, respectively, and the oligonucleotide pool is designed to encode all possible combinations of seven residues unchanged and another three residues randomly mutated by degenerate codon NNN. The oligonucleotide pool was used as overlap PCR primers to assemble the heavy chain or the light chain and then mutagenic chains were cloned into the yeast display vectors in a stepwise manner. We reasoned that limiting mutations to three random positions can maintain the overall structure of the CDR3 scaffold while aims to increase the percentage of effective target binding antibody variants. Two mutagenic Fab libraries were constructed using pYD-AH and pYD-HA vector, respectively, and complexity of both library is on the order of 10 8 . Four rounds of equilibrium selection were done to enrich clones with higher affinity. The antigen concentration added decreased from 20 nM to 2 nM after first two rounds and a different fluorescence secondary antibody was used alternatively in the third round to avoid possible enrichment of clones that may bind directly to the fluorescence molecule. In each selection round, the stringency was also increased by gating a smaller percentage of the highest antigen binding population from 3% of the first round to the 0.8% of the fourth round. As it can be seen from the results, the percentage of highest binding cells in the fourth round was significantly larger than it was at the beginning for both libraries, which indicates that our selection was indeed proceeding towards enriching antibodies with higher affinity (Fig. 3A) .
A final round of kinetic selection was performed under the condition that yeast cells labeled with biotinylated antigens were exposed to the competition of saturated unbiotinylated TpoR at 30°C for 30 h. When selecting high affinity binders with picomolar binding affinities, equilibrium screening might be impractical because the required reaction volumes for effective selections are too large. Kinetic dissociation competition can be used to enrich antibody variants with higher affinities by optimizing dissociation rates . This approach would enable us to identify variants with very slow dissociation rate which remained at high binding signal population and subsequently were isolated by FACS sorting (Fig. 3A) .
After iterative rounds of selection, one hundred clones from both libraries were analyzed by Sanger sequencing and four variants (two from the PAH library and the other two from the PHA library) with the highest frequency were further characterized. FACS analysis of Fabs displayed on yeast cells showed that PHA 38, PHA 11, PAH 54 and PAH 62 gave higher binding signal compared to the wild type 3D9 (Fig. 3B) .
The next generation sequencing results showed detailed information about the library quality and the selection process
With the advent of next generation sequencing (NGS), the whole affinity maturation process can be monitored and analyzed in a larger scale. Inspired by previous pioneering research in this area (D'Angelo et al., 2014; Glanville et al., 2015; Hu et al., 2015) , we analyzed the HC and LC of the unselected and selected libraries using Illumina Hiseq3000 platform. Web plots of the initial library R0, library R3 and library R5 were generated to learn about the details of the libraries and selection process (Fig. 4) . For the unselected library, the mutation diversity is in accordance with the mutagenesis strategy in which roughly 70% of the original amino acids were retained at each position while substitutions to other amino acids were equally distributed. It is also obvious that throughout the selection process that most mutations were eliminated and most positions especially in the H chain CDR3 were intolerant to changes, indicating their importance in binding. Noticeably, Leucine at position H7 was the only substitution on the heavy chain that was preferred in the final round and this substitution was found to be present at both PHA 38 and PAH 11, suggesting its critical role in the affinity improvement.
The NGS data enabled us to investigate the preference for binding on each position and also to reveal protein sequence-function relationships (Fowler et al., 2010) . For each diversified position, we calculated the frequencies of 20 amino acids and stop codons in the final round library compared to the unselected library. Most positions of heavy chain were highly conserved and intolerant to mutations while we observed a more diverse mutational profile of the L chain (Fig. 5) . Moreover, particular amino acids were enriched at certain positions in both HA and AH library, indicating that those changes were beneficial mutations for the affinity improvement (Fig. 5) .
Mutants show improved binding affinity and activity compared to parental 3D9 when converted to full-length IgG
We purified selected variants and the parental 3D9 in full IgG form to test whether the functional affinity and the activity were indeed improved. The functional Affinities of IgGs were determined using Biacore T200. The K D of PHA 38 and PHA 11 was around 3 pM and 14 pM, respectively, and the improvement is 23-fold and 5-fold compared with the parental antibody (K D = 70 pM). The association constants of parental antibody were on the higher end of what is observed for antibody-antigen interactions and it is hard to further improve the association constants rates. The kinetic fitting showed that the curve barely declined during the dissociation phase for PHA 38 compared to 3D9 and reduction in off-rate of PHA 38 contributed most to the higher affinity. (Fig. 6A, Table I ). In addition, cell immunofluorescence experiment was performed to test the ability of optimized antibodies to bind with natural conformation TpoR expressed on 293F cell surface. We used different concentrations of purified antibodies for the assay. Both PHA 38 and PHA 11 showed increased positively stained population than 3D9 (Fig. 6B ) Fig. 4 The distribution of amino acids at each diversification position in R0, R3 and R5 for both libraries. The relative frequency of each amino acid at each position is represented by the height of the corresponding symbol.
at low concentrations and this confirmed that these two antibody variants could bind to correctly folded TpoR with higher affinities than that of the parental antibody.
In order to exclude the possibility that the affinity improvements of those mutants were due to the avidity effect caused by antibody aggregation, we tested if our antibodies were monomers or not by gel filtration chromatography. The results showed a single peak around 150 kD for each antibody, indicating that those antibodies were stable monomers and their affinity improvement was not because of the avidity effect (Fig. 7) .
Cell proliferation assay was performed to test the biological activities of those affinity-matured IgG variants. The parental 3D9 full-length IgG weakly stimulated proliferation of cells at low concentration while PHA 38 and PHA 11 showed stronger potency for the growth of cells. The EC50 is 230 pM and 1 nM for PHA 38 and PHA 11 compared to 5.4 nM for 3D9 (Fig. 8) . The result showed a positive correlation between affinity and potency for this TpoR agonist antibody.
Discussion
The possible change of affinity after the conversion of scFv fragments into IgG can abolish the benefit of affinity maturation in the scFv format. For 3D9, the potency of this human thrombopoietin receptor targeting antibody greatly decreased drastically from previously reported~10 pM to 5.4 nM after reformatting to full-length IgG (Zhang et al., 2013) (Fig. 8) . Under this circumstance, it seems more reasonable to choose Fab over scFv for the fact that the former resembles the natural structure of the full-length IgG (Boel et al., 2000) . By inducing the co-expression of HC and LC of one Fab molecule through a bi-directional promoter, the correct assembly of Fab molecules could be established on the surface of yeast cells. Moreover, our results showed fusing the antibody heavy chain to the N-terminus of Aga2p yielded more efficient display of Fabs. It is possible that when constructing the mutant library using both vectors, the selection may go different ways and the final outcomes could vary as well although the differences we observed here is slight in this case (Fig. 4) .
The strategy of generating mutagenesis is critical for obtaining high affinity variants. Mutations can be introduced randomly into variable regions of antibody genes by saturation mutagenesis but this method could yield a library dominated with nonfunctional antibodies, which makes it difficult to select improved variants thoroughly in a library of manageable size. In fact, for antibody 3D9, we had tried to improve its affinity by generating a saturation mutagenesis library but we only isolated variants with minor improvements. Hence, we decided to try a new strategy that the library diversity can be controlled to an extent that no more than three positions are mutated for each CDR3. Current microarray-based DNA synthesis techniques allow the synthesis of a large number of pre-designed degenerate oligonucleotides, which enables the construction of such mutagenic libraries with pre-designed CDR3 mutations.
NGS has been popular recently in antibody engineering field for its power to analyze large numbers of samples at the same time. In our Fab mutation libraries, NGS data enabled us to control library quality and evaluate the selection process. The results demonstrated the effectiveness of our approach and further verify the feasibility of the affinity maturation system. Our research suggests that the affinity maturation method we used is able to direct affinity maturation with a designed library at a manageable size. In addition, we can not only monitor the quality of library but also learn about the preference of amino acids substitution in each position, which could provide guidance for further engineering of desired antibodies.
Under most cases, the improvements of affinity usually correlate positively with improvements in potency (Viti et al., 1999; Maynard et al., 2002; Mortensen et al., 2012) . However, previous reports showed an inverse correlation between affinity and potency for Fas receptor agonist antibodies (Chodorge et al., 2012) and EpoR agonist antibodies (Lacy et al., 2008) . Although both EpoR and TpoR are members of the hematopoietic cytokine receptor family, the result showed a positive correlation between affinity and potency for this TpoR agonist antibody. While there might be not a general correlation between affinity and potency, a systematic research of how the affinity of antibodies can affect the potency considering the binding site and other factors would be useful for future antibody optimization researches.
Overall, we showed that the affinity of a TpoR targeting antibody 3D9 was improved by 20-fold to picomolar level with corresponding amelioration in its potency. Expression of a pre-designed mutagenic Fab fragment library on the surface of yeast cells in Fab . The x-axis stands for the volume that was injected while the y-axis is the normalized UV 280 value. Fig. 8 The improvement of affinity-matured clones can support cell proliferation with better EC50. TPO-dependent Ba/F3-hMPL cells were stimulated using different doses of purified IgG PHA 38, PHA 11, 3D9 and PHA 53 with no binding for control. Cell proliferation was measured using MTS-based assay. The curve and EC50 were simulated and calculated by GraphPad Prism5.
form together with NGS results contributed to the final success in affinity and potency improvements. The results showed that this type of approach could be applied to other antibodies for similar objectives. In addition, our research suggests applying antibody engineering using a similar approach as we described here could potentially enhance other properties of antibodies such as thermal stability and PH dependency beyond affinity maturation.
Materials and Methods
Construction of Fab mutagenic library
The stop codon was introduced into HC and LC CDR3. The oligonucleotide pools for diversification of CDR3 of HC and LC were synthesized by high through DNA synthesis (CustomArray). The oligonucleotide pools were used as primers to generate CDR3 diversified HC and LC using overlap PCR technique. The LC mutation PCR product was digested and ligated with either PAH or PHA. The ligation product was transformed into Escherichia coli XL-1 Blue cells by electroporation to generate LC mutant library. A homologous recombination strategy was exerted for CDR3 diversified HC and linearized plasmids of LC mutant library to complete the construction of the Fab mutagenic library in yeast cells.
Flow cytometric analysis and library selection
The protocol of inducing antibody expression and flow cytometric analysis was performed as described previously. Briefly, yeast cells transformed with Fab display vectors were grown in SD/Trp -media to logarithmic phase and then induced in SGRCAA medium for 32 h at 20°C with shaking. After washing the cells with PBS, biotinylated recombinant human TpoR (R&D systems) was added to bind the expressed antibodies for 50 min at room temperature. Antic-myc chicken IgY fraction (Thermo Fisher Scientific) was then added with the same manner after unbound antibodies were removed by washing with PBS. Subsequently, the Steptavdin RPhycoerythrin (Thermo Fisher Scientific) and Alexa Fluor ® 488 goat anti-chicken (Thermo Fisher Scientific) were added after three times washing with PBS and the mix was incubated for 40 min at room temperature. The washing was then repeated before the cells were analyzed by a Cytoflex S flow cytometer (Beckman Coulter). For library selection, the process is nearly the same except for that the fluorescence labeled yeast cells of each round were sorted on a BD FACSAria III flow cytometer with a sorting rate of about 10 000 cells per second. The concentration of biotinylated antigens was decreased from 20 nm to 2 nm for the final three rounds and in the fourth round the secondary antibody for the antigen were replaced by NeutrAvidin Alexa Fluor 633 ® (Thermo Fisher Scientific).
IgG purification
The Heavy chain and Light chain sequence of an antibody were cloned into the pFUSE vector separately. The antibody was overexpressed in 293F cell for 5 days after the co-transfection of both vectors. The supernatant was harvested through centrifugation and filtered on a 0.22 μm membrane. Protein A Sepharose was used to purify the total IgGs and It was washed three times by phosphatebuffered saline (PBS) before being added to the supernatant for incubating over night at 4°C. The mix was added to 10 ml polypropylene columns (Thermo Fisher Scientific) next day to collect the Sepharose and the flow through was discarded. The Sepharose was then washed with PBS again before the total IgGs was eluted by sodium citrate of pH 3.5. The eluted antibody was neutralized with Tris and buffer exchanged to PBS through membrane Ultracel 30 kDa (Merck Millipore). The final concentration was determined by Qubit ® Protein Assay Kit (Thermo Fisher Scientific)
NGS sample preparation and data analysis
Yeast display plasmids from each round of the selection were extracted and were used as templates for PCR amplification of VH and VL of each round. The NGS was performed on Hiseq3000 platform. After quality control, the clean NGS data were divided into different round based on the barcodes and translated into protein sequences in CLC Genomics Workbench 9.5.2. Java Script was used to catch the CDR3 region on both heavy chains and light chains according to the constant flanking sequence of the CDR3 region. A logo plot was generated using the data of each round (WebLogo; http://weblogo.berkeley.edu/).
Surface plasmon resonance analysis
A Biacore T200™ (GE Healthcare) was used to determine the affinity of the IgG antibodies. A His Capture Kit was used with a CM5 sensor chip to immobilize about 100 RU his-tagged recombinant human TpoR. Five different concentrations of antibodies from 0.0625 nM to 1 nM were added at a constant flow rate of 10 μl/min to determine the association and dissociation rate constants and at least one of the concentration was performed in duplicate to test the stability of the assay. The analysis of the results took place in BIA evaluation software™.
Cell immunofluorescence staining
TpoR was expressed on the surface of 293F cells for 2 days after the transfection of TpoR expression vector. Cells were washed once with PBS and then mixed with candidate antibodies at room temperature for 30 min. The mixture was then washed two times with PBS to get rid of unbound antibodies and Alexa Fluor ® 555 goat anti-human IgG (Life technologies) was added at room temperature for 30 min. After washing two times with PBS, the fluorescence was analyzed through a Cytoflex S flow cytometer (Beckman Coulter).
Size-exclusion chromatography
Gel filtration was carried out on Superdex 200 Increase 10 × 300 column (GE healthcare). The column was equilibrated with BIAcore running buffer (0.01 MHEPES, 0.15 M NaCl, 3 mM EDTA, and 0.005% SP20, pH7.4). About 0.5 ml samples were subjected to chromatography at flow-rates of 0.5 ml/min and monitored by UV absorption at 215 nm, 254 nm and 280 nm. In order to determine the molecular weight of all sample components, a molecular weight calibration curve was set up.
Cell proliferation analysis by MTS assay
The TPO-dependent Ba/F3-hMPL cells were cultured in RPMI 1640 media supplemented with human TPO (R&D systems) at the concentration of 2ng/ml. Before the MTS assay, the cells were washed to remove TPO. Different concentrations of antibodies were added to the cell. 20ul CellTiter 96 ® AQueous One Solution Reagent (Promega) were added after 96 h incubation at 37°C, 5% CO2. Absorbance at 490 nm was measured after 2 h incubation at 37°C, 5% CO2.
